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A Mouse Serine/Threonine Kinase Homologous
to C. elegans UNC51 Functions in Parallel Fiber
Formation of Cerebellar Granule Neurons
1995; Altman and Bayer, 1997). The granule cell, the
most abundant neuron of the central nervous system
(CNS), has facilitated analyses of the molecular and cel-
lular mechanisms that underlie the basic steps in neu-
ronal differentiation.
Toshifumi Tomoda,* Rupal S. Bhatt,*
Hidehito Kuroyanagi,² Takuji Shirasawa,²
and Mary E. Hatten*³
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The Rockefeller University
New York, New York 10021 Precursors of the granule neuron arise in a displaced
superficial germinal zone, the external granular layer²Department of Molecular Genetics
Tokyo Metropolitan Institute of Gerontology (EGL). Molecular studies subdivide this zone into an
overlying layer of mitotic cells and an underlying layerItabashi, Tokyo 173
Japan of differentiating neurons that extend axons, the parallel
fibers. Progenitor cells in the mitotic layer express a
number of specific genes, most notably transcription
Summary factors that mark the granule cell lineage such as Math1
(Akazawa et al., 1995; Ben-Arie et al., 1997; Helms and
The formation of the cerebellar circuitry depends on Johnson, 1998) and Ru49 (Yang et al., 1996), and genes
the outgrowth of connections between the two princi- involved in cell cycle progression and proliferation, in-
pal classes of neurons, granule neurons and Purkinje cluding the D2 cyclin (Ross et al., 1996). In the deeper
neurons. To identify genes that function in axon out- layer of the EGL, postmitotic cells continue to express
growth, we have isolated a mouse homolog of C. ele- transcription factors that mark the granule cell lineage
gans UNC51, which is required for axon formation, and begin to express genes that mark neuronal differen-
and tested its function in cerebellar granule neurons. tiation such as NeuroD (Lee et al., 1995), proteins that
Murine Unc51.1 encodes a novel serine/threonine ki- mark axon extension such as the axonal glycoprotein
nase and is expressed in granule cells in the cerebellar TAG-1 (Furley et al., 1990), and the neuron-specific
cortex. Retroviral infection of immature granule cells b-tubulin isotype class III b-tubulin (for reviews, see Hat-
with a dominant negative Unc51.1 results in inhibition ten and Heintz, 1995; Hatten et al., 1997). While the
of neurite outgrowth in vitro and in vivo. Moreover, molecular pathways that mark the stages of granule cell
infected neurons fail to express TAG-1 or neuron-spe- development are beginning to be understood, little is
cific b-tubulin, suggesting that development is ar- known about signal transduction pathways that control
rested prior to this initial step of differentiation. Thus, expression of gene cascades involved in neurite for-
Unc51.1 signals the program of gene expression lead- mation.
ing to the formation of granule cell axons. A number of classes of molecules have been shown
to act in neurite formation. These include cell surface
adhesion molecules, chemoattractants, inhibitory mole-Introduction
cules, cytoskeletal elements, and signaling molecules
(reviewed in Goodman, 1996). Among signaling mole-The synaptic circuitry of the cerebellar cortex is critical
to the control of motor coordination and balance (Eccles cules, two classes of protein kinases play critical roles
in the development of axons in brain. First, receptoret al., 1967; Brooks and Thach, 1981), and to aspects
of cognitive processes involved in these events (Fiez, tyrosine kinases provide receptors for the neurotro-
phins, molecules that support neuronal survival and dif-1996; Gao et al., 1996; Raymond et al., 1996). The cere-
bellar circuitry develops through the coordinated out- ferentiation (for review, see Lewin and Barde, 1996), and
ephrins and their receptors provide guidance systemsgrowth of the axons of the two principal classes of neu-
rons, the granule cell and the Purkinje cell, and the for the development of topographic maps of axons in
the visual system (Feldheim et al., 1998; Frisen et al.,formation of interconnections among them. The parallel
fibers of the granule cells form just after the granule cell 1998). Second, protein serine/threonine kinases have
progenitors exit the cell cycle, as the first step in a been shown to influence the dynamics of cytoskeletal
program of neuronal differentiation (Ramon y Cajal, organization during neuronal migration and neurite for-
1995). While a number of classes of molecules have mation (Nikolic et al., 1996, 1998; Ohshima et al., 1996;
been shown to act in neurite formation (reviewed in Arber et al., 1998; Yang et al., 1998). For example, Pak1
Goodman, 1996), the mechanisms that signal the cas- and Rho-kinase are the effectors of the Rho family of
cade of gene expression leading to this critical step in small GTPases that regulate actin dynamics in cells. The
development are unknown. Rho family is a group of small, Ras-like GTPases that
The cerebellar cortex provides a unique system for have been shown to regulate cytoskeletal dynamics in
studying neurite outgrowth and connectivity. For nearly vitro (reviewed in Ridley, 1996). Microtubules are also
a century, all the cerebellar cell types and the pattern an important component of extending neurites. MARK,
of their synaptic connections have been known (Eccles a novel family of protein serine/threonine kinases phos-
et al., 1967; Palay and Chan-Palay, 1974; Ramon y Cajal, phorylate microtubule-associated proteins and trigger
microtubule disruption (Drewes et al., 1997). Thus, a
growing number of protein serine/threonine kinases³ To whom correspondence should be addressed (e-mail: hatten@
rockvax.rockefeller.edu). function in cytoskeletal modifications that could affect
Neuron
834
the motility of neurons and their growth cones in the systems, one for purified immature granule cells main-
tained in vitro and the other for immature granule cellsdeveloping brain.
Genetic analyses in invertebrates have provided a developing in situ. Retroviral infection of granule cells
with a dominant negative form of Unc51.1 demonstratespowerful means to dissect the complex steps in neural
development (Brenner, 1974). Moreover, it is now gener- that Unc51.1 is essential for neurite extension/parallel
fiber formation in cerebellar granule neurons.ally accepted that a gene that subserves a specific func-
tion in an invertebrate species is likely to have a homolog
with a similar function in the mammalian CNS. As a first
Resultsapproach, we therefore sought to identify a homolog of
a gene from C. elegans shown to function in neurite
Unc51.1 Belongs to a Subfamily of Proteinformation and guidance. In the nematode C. elegans,
Serine/Threonine Kinasesmore than 10 genes are required for normal axon elonga-
In view of the function of the UNC51 serine/threoninetion and/or guidance. Among genes that have been
kinase in axon elongation in C. elegans, we screenedstudied in detail, UNC5, UNC6, and UNC40 genes are
for a mouse homolog of the gene. In a polymerase chainrequired for guiding the circumferential elongation of
reaction (PCR)-based screen, a pair of degenerate prim-pioneer axons and migration of mesodermal cells on
ers was designed corresponding to kinase subdomainsthe epidermis (Hedgecock et al., 1985; Desai et al., 1988;
VIb and VIII of UNC51 kinase and used to amplify se-Siddiqui, 1990; McIntire et al., 1992). In contrast, the
quences homologous to UNC51 in cDNAs generatedgenes UNC14, UNC33, UNC44, UNC51, and UNC73 are
from cerebellar granule cells purified on postnatal dayrequired for longitudinal axonal elongation along the
6 (P6). One clone showed over 70% amino acid identitynerve cords, circumferential axonal growth over the lat-
to UNC51 (data not shown). A full-length cDNA of thiseral hypodermis, axonal fasciculation, and proper trans-
clone, termed Unc51.1, was isolated from a P6 mouselocation of some neuronal cell bodies. Mutations in
cerebellar cDNA library. Sequence analysis revealed anthese genes also lead to various abnormalities in axons,
open reading frame encoding a 1051 amino acid poly-suggesting that they may be involved in the formation
peptide with a predicted molecular mass of 112 kd (Gen-of basic axonal structure (McIntire et al., 1992).
Bank accession number AF072370). Overall comparisonThe unc51 mutant was first identified as one of over a
of Unc51.1 with UNC51 revealed an extensive similarityhundred of uncoordinated (unc) mutations in C. elegans
between these two genes (Figures 1A and 1B). In par-(Brenner, 1974). The mutants display paralyzed, egg-
ticular, a serine/threonine kinase domain (amino acidslaying defective, and dumpy phenotypes. These behav-
1±278), which is located at the amino terminus of theioral defects are most likely related to defects in axonal
protein, shares 76.1% similarity with that of UNC51, andformation (Hedgecock et al., 1985). In the unc51 mutant,
one third of the carboxy-terminal region, the C9-terminalmost neurons are affected; some neurons extend abnor-
domain (amino acids 829±1051), also has significantmal numbers of axons in abnormal directions, while
similarity (48.8%) with the corresponding region ofother axons are either prematurely terminated or are
UNC51. An intervening region, termed the spacer regionmisdirected (Hedgecock et al., 1985; Desai et al., 1988;
(amino acids 279±828), shows less yet significant simi-Siddiqui, 1990; McIntire et al., 1992). Six alleles have
larity (22.4%) with the C. elegans gene. Interestingly, thebeen reported in the unc51 locus and all are autosomal
spacer regions from both species exhibit a high contentrecessive. The gene responsible for the unc51 pheno-
(23.6% in mouse Unc51.1, 23.0% in C. elegans UNC51)type has recently been positionally cloned and shown to
of serine and threonine residues. Recently, ULK1, a hu-encode a novel protein serine/threonine kinase (Ogura et
man homolog of UNC51, has been reported (Kuroyanagial., 1994). Introduction of the wild-type kinase rescued
et al., 1998), and is 93% identical to murine Unc51.1 atthe uncoordinated phenotype of unc51(e369) in C. ele-
the amino acid level.gans, but the kinase defective version failed to rescue,
In a BLAST search against the mouse dbEST data-suggesting an indispensable role of kinase activity in
base, we found an additional family member, designatedUNC51 function. The UNC51 gene is expressed in almost
Unc51.2 (GenBank accession number AF145922), whichall neurons, and the protein is localized to cell bodies
bears 66% overall similarity with Unc51.1. The murineand axons throughout developmental stages in nema-
Unc51.2 shows a similar extent of homology to UNC51todes. This expression pattern and defects of axon elon-
as does Unc51.1 (Figure 1B). Another human gene,gation in unc51 mutants suggests that UNC51 is re-
KIAA0623, has recently been reported in the GenBank.quired for axonal extension of most neurons. In support
This is 96% identical to murine Unc51.2 at the aminoof this view, electron microscopic abnormalities of ax-
acid level and therefore thought to be a human ortholog
ons have been reported, such as enlargement of the
of Unc51.2. No other homologous genes have been
diameter, atypical membranous vesicles, and cisternae-
found in database searches using both the spacer re-
like structures (McIntire et al., 1992). However, the mech-
gion and the C9-terminal domain as queries. A phyloge-
anism of UNC51 function in the formation of axonal
netic analysis using the kinase domain indicated that
pathways has yet to be determined.
UNC51, Unc51.1, and Unc51.2 constitute a distinct fam-
In this report, we present the identification of Unc51.1,
ily among protein kinases (Figure 1C).
a mouse homolog of C. elegans UNC51. The gene is
expressed in a number of neuronal populations during
development and is abundant in the developing cerebel- Unc51.1 Has Kinase Activity
lar granule cell. To test the function of Unc51.1 in granule At present, the substrate(s) for Unc51.1 is unknown. As
a first step toward testing the catalytic activity of thecell development, we have devised two classes of assay
A Mouse Serine/Threonine Kinase Homologous to C. elegans UNC51
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Figure 1. Structure of Murine Unc51.1 and
Unc51.2
(A) Alignment of the kinase domain of mouse
Unc51.1 and Unc51.2 with that of C. elegans
UNC51. Conserved amino acid residues are
boxed.
(B) Schematic diagram of the structure of
Unc51 kinase family members and the homol-
ogy among them.
(C) Phylogenetic tree of the Unc51 family and
other protein kinase family, obtained using
the ClustalX algorithm (Lasergene; DNASTAR).
protein, we tested whether Unc51.1 phosphorylates his- background level of phosphorylation, and DSp, DSp/
K46R, and DSp-Cd showed no phosphorylation (Figuretone H1 or casein, commonly used exogenous sub-
strates for in vitro kinase assays. Neither of these was 2B). The results suggest that the autophosphorylation
site(s) is localized within the spacer region. Alternatively,phosphorylated (data not shown). We therefore carried
out an autophosphorylation assay to test the catalytic the spacer region may have an essential function to
positively regulate the catalytic activity of the kinase.activity of mouse Unc51.1 and an inactive kinase mutant,
K46R. To produce an inactive form of Unc51.1 kinase,
we mutated the lysine at position 46, which corresponds Murine Unc51.1 rescues Mutant Phenotypes
in C. elegansto the conserved ATP binding lysine residue, to arginine
(K46R). Many known protein kinases have a conserved To determine whether murine Unc51.1 and C. elegans
UNC51 are functionally related, we tested the ability oflysine in kinase subdomain II, mutations in which result
in inactivation of the catalytic activity of the kinase a full-length murine Unc51.1 as well as several chimeric
constructs consisting of domains from the murine and(Hanks et al., 1988). Wild-type and mutant Unc51.1 con-
structs were tagged amino-terminally with a FLAG epi- nematode genes to rescue the unc51 phenotype in C.
elegans. The mutant strain we used in this rescue ex-tope and transiently expressed in 293T cells. After immu-
noprecipitation with an anti-FLAG antibody (M2, Kodak), periment was unc51(e369), which has previously been
shown to be rescued by introduction of a genomic frag-immunocomplexes were subjected to an autophosphor-
ylation assay. While the wild-type kinase exhibited auto- ment containing a full-length UNC51 gene (Ogura et al.,
1994). As shown in Table 1, introduction of either the C.phosphorylating activity, the K46R mutant displayed
only a background level of phosphorylation (Figure 2B). elegans UNC51 genomic fragment or the C. elegans
UNC51 cDNA rescued the mutant phenotypes, as evi-This result demonstrates that the K46R mutation inacti-
vated the catalytic activity of the kinase. denced by an agarose assay. While no rescue was ob-
served with the wild-type murine Unc51.1 gene, normalTo localize the autophosphorylation site(s) within
Unc51.1 protein, a series of deletion mutants were gen- locomotion patterns in C. elegans were restored by ex-
pression of a chimeric transgene containing the murineerated (Figure 2A). The spacer region (DSp) and the
C9-terminal domain (DCd) were deleted, as well as both kinase domain, murine spacer region, and C. elegans
C9-terminal domain, or a chimera containing the murinethe spacer region and the C9-terminal domain (DSp-Cd).
The K to R mutation was also introduced in DSp/K46R kinase domain, C. elegans spacer region, and C. elegans
C9-terminal domain (Table 1). All three mutant pheno-and DCd/K46R mutants. While DCd retained an auto-
phosphorylating activity, DCd/K46R showed only a types, paralyzed, egg-laying defective, and dumpy, were
Neuron
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Figure 2. Kinase Activity of Murine Unc51.1
and Its Mutants
(A) Expression constructs used in assay: wild-
type Unc51.1, kinase deficient mutant K46R,
a mutant lacking the C9-terminal domain
(DCd), a mutant lacking the C9-terminal do-
main and containing the K46R point mutation
(DCd/K46R), a mutant lacking the spacer re-
gion (DSp), a mutant lacking the spacer region
and containing the K46R point mutation (DSp/
K46R) and a mutant lacking both the spacer
region and the C9-terminal domain (DSp-Cd).
(B and C) The above constructs were tran-
siently transfected in 293T cells, and expressed
proteins were purified by immunoprecipita-
tion and subjected to an autophosphorylation
assay (B) or Western blot (C ). Kinase activity
is seen for wild type and the DCd mutant
forms of Unc51.1. Wild type (1), K46R (2), DCd
(3), DCd/K46R (4), DSp (5), DSp/K46R (6), and
DSp-Cd (7).
restored by these chimeric transgenes. To test if the stages of development. The transcript was detected as
early as embryonic day 13 (E13), when the cerebellarkinase catalytic activity is important for the rescue, we
tested the K46R mutant. The chimeric constructs har- primordia is forming. Expression continued into adult-
hood, with an apparently uniform level of expressionboring this mutation failed to rescue the uncoordinated
phenotype of unc51(e369) mutant (Table 1). To further during postnatal stages of development (Figure 3B). By
RT-PCR, Unc51.2 was also expressed in granule cellsassess the specificity of the kinase domain in rescuing
activity, the Unc51.1 kinase domain of the chimeric con- at the same stages (data not shown).
By in situ hybridization, Unc51.1 transcripts were lo-structs was replaced with that from the mouse cAMP-
dependent protein kinase and used in the rescue experi- calized to several regions of the brain, including the
cerebral cortex, cerebellum, olfactory bulb (Figure 4E),ments. This chimeric construct could not restore the
mutant phenotype (Table 1), suggesting that the murine and hippocampal formation. In the developing CNS, ex-
pression was abundant in the cortex at E14, the rostralUnc51.1 kinase activity is indispensable for phenotypic
rescue. migratory stream (Figure 4F) and the rhombic lip of the
cerebellar anlage (Figure 4A). Prior neuroanatomicalTo assess the specificity of transgene overexpression
in nematodes, we overexpressed the chimeric transgene studies have shown that the rhombic lip is the site of
origin of precursors of the granule cell population of thecontaining the murine kinase domain with K46R muta-
tion, C. elegans spacer region, and C. elegans C9-termi- cerebellum. Weak expression of Unc51.1 continued in
the granule cell progenitor population during migrationnal domain in wild-type C. elegans. Progeny carrying
the transgene displayed uncoordinated and dumpy across the surface of the anlage to form the EGL. At P8,
intense expression was detected in both the EGL, withphenotypes with various severity (data not shown). The
phenotypes observed were closely similar to the pheno- both mitotic and postmitotic cells having abundant lev-
els, and in the internal granular layer (IGL) (Figures 4Btypes of C. elegans unc51 mutants, suggesting a possi-
bility that murine kinase with the K46R mutation could and 4D) where postmigratory granule cells are undergo-
ing terminal differentiation and synaptogenesis. Expres-function as a dominant negative reagent to specifically
block the unc51 signaling pathway. sion was maintained in terminally differentiated cells in
the IGL of the adult mouse (Figure 4C).
Unc51.1 Is Expressed in Developing
and Mature Cerebellum
Unc51.1 Is Expressed in Granule Cells In VitroTo examine the tissue distribution of Unc51.1, mRNAs
To assess the expression of the Unc51.1 protein in cere-isolated from various adult mouse (P60) tissues were
bellar granule neurons, granule cells were purified fromanalyzed by Northern blot using a 1.2-kb fragment from
P5 or P6 mouse cerebellum, a time period when granulethe 39UTR of Unc51.1. A single transcript of about 4.8 kb
cell precursors are exiting the cell cycle and commenc-in size was detected in both neuronal and nonneuronal
ing differentiation. Purified granule neurons were cul-tissue, including the cerebral cortex, cerebellum, kidney,
tured in vitro for 48 hr and stained with a polyclonaltestis, heart, and skeletal muscle (Figure 3A). In the
antibody raised against Unc51.1. By antibody staining,developing cerebellar cortex, reverse transcription-
Unc51.1 protein was expressed both in cell bodies andpolymerase chain reaction (RT-PCR) with RNA purified
at various stages showed expression throughout the neurites of the granule cells, but not in glial cells (Figure
A Mouse Serine/Threonine Kinase Homologous to C. elegans UNC51
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5A). To provide a detailed view of the subcellular local-
ization, a myc-tagged, full-length Unc51.1 was sub-
cloned in a retroviral vector, and the resulting recombi-
nant virus was used to infect primary granule cells in
culture. As visualized with a monoclonal anti-myc anti-
body (9E10 monoclonal antibody), virally expressed
Unc51.1 protein was ubiquitously detected in the cyto-
plasm, throughout neurites and in the tip of the neurite,
the growth cone (Figures 5B and 5C), a pattern that
reproduced that of endogenous Unc51.1 protein.
Unc51.1 Kinase Activity Is Required for Neurite
Extension of Primary Granule Neurons
in Culture
The expression of Unc51.1 in cerebellar granule cells
as well as the role of its nematode counterpart gene
prompted us to examine its role in neurite outgrowth of
granule cells. Previous studies indicate that mutations
in the conserved lysine residue not only inactivate the
kinase but also render the kinase a dominant negative
function upon overexpression, presumably by titrating
out physiological substrates, upstream regulators or
scaffolding proteins for the kinase (Han et al., 1993). To
examine the function of Unc51.1 in granule cell neurite
formation, we infected purified, immature granule cells
with a recombinant retrovirus containing either wild-
type Unc51.1 or Unc51.1/K46R and assayed neurite
elongation in vitro. To generate the retroviral constructs,
the wild-type gene and K46R mutant were subcloned
in a retroviral vector, pLIA (a gift from L. Lillien), which
harbors an IRES-AP (internal ribosomal entry site±alka-
line phosphatase) cassette to facilitate visualization of
infected cells by a simple AP colorimetric reaction. Re-
combinant viruses were subsequently used to infect
granule cells purified from P5 or P6 cerebellum. Expres-
sion of the wild-type gene did not alter neurite out-
growth; |80% of the cells infected either with the control
virus (pLIA) or the virus containing the wild-type kinase
extended neurites 40±200 mm in length (Figure 6B). By
contrast, fewer than 15% of cells infected with K46R
virus extended neurites longer than 4 mm (Figure 6A).
Thus, expression of the kinase-deficient mutant, but not
of the wild-type kinase inhibited granule cell neurite ex-
tension. To access whether Unc51.2 has function similar
or redundant to that of Unc51.1, we also generated a
putative dominant negative construct of Unc51.2 by
substituting an ATP binding lysine for a threonine (K39T)
and introduced both the wild-type and the K39T forms
of Unc51.2 into granule cells in culture. While the expres-
sion of wild-type Unc51.2 did not alter the degree of
neurite extension, we observed the similar extent of
neurite extension inhibition by Unc51.2/K39T expres-
sion (Figure 6C; 14% 6 7%). This suggests that both
murine kinases have similar functions in neurite exten-
sion or may be functionally redundant in this assay
system.
As genetic experiments in C. elegans indicate an im-
portant role for the carboxy-terminal region of the
UNC51 kinase in axon extension (Ogura et al., 1994), we
tested the effect of retroviruses that contained a deletion
of the C9-terminal domain (DCd), of both the spacer
region and C9-terminal domain (DSp-Cd), or of both the
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kinase domain and spacer region (DK-Sp) of the murine
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Figure 3. Tissue Distribution and Develop-
mental Profile of Expression of Unc51.1 mRNA
(A) Tissue distribution of Unc51.1 in adult
mouse. Different tissues as indicated were
isolated and poly(A)1 RNA was prepared.
Northern blot, 1 mg of poly(A)1 RNA per lane,
reveals Unc51.1 expression in cerebral cortex
and cerebellum, as well as skeletal muscle,
heart, kidney and testis. Cx, cerebral cortex;
Cb, cerebellum; Sp, spleen; Lu, lung; Sk, skel-
etal muscle; Ht, heart; Kd, kidney; Ts, testis.
(B) Expression of Unc51.1 during cerebellar
development. Cerebellar tissue was isolated
from embryonic day 13 (E13), postnatal days
0, 3, 7 and 10 (P0, P3, P7, P10), and total RNA
was prepared. Equivalent amount of total
RNAs were reverse transcribed and sub-
jected to PCR. RNAs treated without a re-
verse transcriptase (RT2) were used as nega-
tive controls.
Unc51.1. Neurite outgrowth assays revealed no effect of activity of the Unc51.1 kinase in cerebellar granule
cells.of these deletion mutants on granule cell neurite exten-
sion in vitro. Infection with these deletion mutants re- To examine whether the neurite outgrowth defect
caused by K46R mutant kinase could be rescued bysulted in the neurite extension in a degree similar to
those with the control virus and the wild-type virus (Fig- elevating the level of wild-type kinase activity, we coex-
pressed the wild-type kinase with K46R mutants (KR/ure 6C). Interestingly, infection with either DCd/K46R
virus or DSp-Cd/K46R virus caused an intermediate IRES/6mtWT; see Experimental Procedures). To visualize
expression of both genes in granule cells, we included anphenotype; |50% of infected cells extended neurites
(40±200 mm), and the rest of the cells failed to extend IRES and a myc-tagged (6mt) version of full-length wild-
type kinase in the retroviral vector, and stained infectedneurites (|4 mm) (Figure 6C). This suggests that the
C9-terminal domain and spacer region regulate the level cells by an anti-myc antibody. Partial rescue of neurite
Figure 4. Cellular Localization of Unc51.1
mRNA during CNS Development
Unc51.1 mRNA was abundant in developing
CNS including the rhombic lip (rl), cerebellar
anlage, at E14 (A), P8 cerebellum (B), P20
cerebellum (C), cerebral cortex at E14 (E), and
the rostral migratory stream of olfactory pre-
cursor neurons from the subventricular zone
toward the bulb at P6 (F). (D) A high magnifi-
cation of P8 cerebellum, illustrating the ex-
pression both in the EGL and the internal
granule cell layers (IGL).
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Figure 5. Unc51.1 Is Expressed in Cerebellar Granule Neurons in Culture
Granule neurons purified from P6 cerebellum stained with a polyclonal antibody raised against the murine Unc51.1 reveals expression of
Unc51.1 in the cell soma, neuritic shaft and growth cones (A). Granule neurons infected with the myc-tagged version of Unc51.1 retrovirus
express transfected protein in the (B) cell soma (s) and neurites (arrow head), and (C) growth cones (arrow), as detected by an anti-myc
antibody staining. Scale bars: 5 mm.
extension inhibition caused by K46R was observed after TAG-1, and class III b-tubulin. Double staining of the
infected culture with an anti-AP antibody and DAPI (49,coexpression of the wild-type kinase (Figures 7A±7D),
suggesting that the deficit could be overcome by the 6-diamidino-2-phenylindole) revealed that the AP-posi-
tive infected cells had normal nuclear morphology withexpression of higher levels of the wild-type gene.
no apparent sign of cell death (data not shown).
By BrdU labeling, neither the granule cells infectedUnc51.1 Functions at an Early Step in Granule
Cell Differentiation with pLIA/K46R virus nor with pLIA virus (AP positive)
were BrdU positive, suggesting that the infected granuleMolecular studies indicate that the EGL can be subdi-
vided into two discrete zones, a superficial zone of mi- cells did not continue in the cell cycle (Figures 8A and
8B). To examine whether the cells down-regulatedtotic precursor cells and an underlying zone of differenti-
ating granule cells (Hatten et al., 1997). Cells in the outer MATH1, we stained infected cells with an anti-MATH1
antibody. Cells infected with the retrovirus were notzone incorporate BrdU and express a number of mark-
ers, including the bHLH transcription factor Math1 labeled with anti-MATH1, suggesting that they had
passed the time point of MATH1-positive stages during(Helms and Johnson, 1998). The underlying differentiat-
ing neurons down-regulate expression of Math1 and development (data not shown). Because granule cell
progenitors and spinal cord interneurons expressbegin to express markers of axon outgrowth, including
the axonal glycoprotein TAG-1 (Furley et al., 1990; Gao MATH1 for 12±18 hr after their penultimate S phase
(Helms and Johnson, 1998; our unpublished observa-et al., 1991) and class III b-tubulin (Przyborski and Cam-
bray-Deakin, 1997). To assess the mechanism of inhibi- tions), this suggests that the cells exited the cell cycle
and down-regulated Math1 normally.tion of granule cell neurite extension caused by the
expression of K46R, we examined the level of incorpora- We then examined whether infected cells would ex-
press an early marker of neuronal differentiation, thetion of BrdU and expression of the markers MATH1,
Figure 6. Expression of a Dominant Negative Form of the Murine Unc51.1 Serine/Threonine Kinase Blocks Granule Cell Neurite Formation In
Vitro
Granule cells were purified from P5 to P6 cerebellum and infected with the recombinant retroviruses expressing (A) Unc51.1/K46R or (B) AP
marker protein alone. Morphology of the infected cells were visualized by AP colorimetric reaction. In (C) the percentages of granule cells
with neurites longer than 4±6 mm that express various forms of Unc51.1 and Unc51.2 are given. Scale bar: 50 mm.
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axonal glycoprotein TAG-1. Previous studies by us have virus extended neurites. The failure of cells infected with
the dominant negative form of Unc51.1, both in vitroshown that TAG-1 is one of the first genes expressed
in differentiating granule cells as they extend neurites and in vivo, to form axons suggests that the gene effects
early steps in granule cell neurite outgrowth.(Gao et al., 1991), appearing within 3 hr of plating the
cells (Gallagher and Hatten, unpublished data). In the
following experiments, wild-type and K46R versions of
Discussionfull-length Unc51.1 were subcloned into a retroviral vec-
tor which is designed to coexpress green fluorescent
Previous studies have shown that the UNC51 serine/protein (EGFP-1, Clontech) with the aid of an IRES (see
threonine kinase is critical to axon elongation and con-Experimental Procedures). Whereas granule cells in-
nectivity in C. elegans (Ogura et al., 1994). Here, wefected with a retrovirus containing the wild-type Unc51.1
report the isolation of Unc51.1 kinase, a mouse homolog(green fluorescent protein [GFP] positive) were double
of C. elegans UNC51, and demonstrate that the genelabeled with an anti±TAG-1 antibody (red), cells infected
functions in the initial steps of granule cell neurite exten-with the K46R virus were not TAG-1 positive (Figures
sion. Alteration of the levels of Unc51.1 serine/threonine8C and 8D). We then examined the expression of another
kinase activity, by infection of cultured granule cell pre-early marker of neuronal differentiation, class III b-tubu-
cursors with recombinant retroviruses designed to ex-lin. Granule cells infected with the wild-type virus (GFP
press a dominant negative form of this kinase, resultedpositive) were labeled with TUJ1, a monoclonal antibody
in a failure of neurite formation. The failure of the cells toagainst the class III b-tubulin (Babco) (red). However,
express the axonal glycoprotein TAG-1, and the neuron-cells infected with the K46R virus (GFP positive) were
specific class III b-tubulin, early markers of granule cellnot TUJ1 positive (Figures 8E and 8F). Together these
differentiation, suggests that the Unc51.1 kinase func-results suggest that introduction of the K46R construct
tions in a cascade of gene expression leading to axonallowed granule cell precursors to exit the cell cycle but
extension. A role for the Unc51.1 kinase in axon exten-blocked progression of the cells through the program
sion was further supported by in vivo experiments,of gene expression previously shown to be typical of
where expression of a dominant negative form of thecells undergoing axon formation.
gene by granule cell precursors in the EGL led to a
failure of parallel fiber extension. Taken together, these
Unc51.1 Functions in the Extension of Granule experiments strongly suggest that the Unc51.1 kinase
Cell Parallel Fibers In Situ plays an essential role in neurite extension of cerebellar
These studies provided evidence that the Unc51.1 ser- granule cells.
ine/threonine kinase functions in the cascade of gene
expression required for granule cell neurite extension in
vitro. The question remained, however, whether the Gene Structure of Members of Unc51 Subfamily
of Serine/Threonine Kinasesgene functions in the complex, three-dimensional set-
ting of the intact, developing brain. To assess this, we The predicted protein sequence of both the nematode
and murine Unc51 kinases contains a catalytic domaindeveloped methods to express wild-type and dominant
negative forms of the gene in granule cell precursors in at the amino-terminal region followed by a relatively long
tail. The kinase domain is the most highly conservedsitu. Here we took advantage of the fact that granule
cell precursors are the only proliferative cell population between nematode and mouse (76.1%). The carboxy-
terminal region within the tail, C9-terminal domain, sharesin the early postnatal cerebellar cortex and thus the
only cell type that is infected by retroviruses. To assay a lower, yet significant degree of homology (48.8%) be-
tween nematode and murine genes, suggesting a con-parallel fiber extension, we prepared thick slices of early
postnatal cerebellar tissue, cut in the coronal plane, and served function of this domain. An intervening region,
the spacer region, shows a lesser degree of homologyinfected them with the same retroviral constructs used
in the in vitro assays. Prior experiments have established between the two species. Interestingly, this spacer re-
gion contains a high percentage of serine/threonine resi-that dye-labeled precursor cells in the EGL require 36±72
hr to exit the cell cycle, extend parallel fibers, and un- dues (23.6% in mouse Unc51.1, 23.0% in C. elegans
UNC51). Some of these residues may serve as specificdergo directed migration along the processes of Berg-
mann glial fibers (Gao and Hatten, 1994). We therefore phosphorylation sites for other serine/threonine kinases
to positively or negatively regulate the Unc51.1 function,cultured the slices for this period of time and monitored
parallel fiber extension. Parallel fiber formation was visu- although no consensus phosphorylation sites for known
protein kinases have been identified within the spaceralized by microscopy, using expression of the AP or
GFP reporter gene to mark infected cells. The granule region to date.
Phylogenetic analysis of the predicted protein se-neurons infected with control pLIA virus extended long
bipolar axons, migrated inward into the molecular layer quence using the catalytic kinase domains revealed that
UNC51, Unc51.1, and Unc51.2 can be classified into a(Figure 9B), and adopted the T-shape morphology (Fig-
ure 9C), which is characteristic of differentiated granule discrete subfamily among protein kinases. All three
share significant homologies in the kinase domain, theneurons. By contrast, neurons infected with K46R virus
extended very short, truncated axons and remained in spacer region, and the C9-terminal domain, and they did
not share significant homologies with any other proteinsthe EGL at the surface of the cerebellum (Figure 9A). As
shown in Figure 9D, while 75% of the cells infected with so far reported in the database. This strongly indicates
that they constitute a subfamily of protein serine/threo-the control virus extended long parallel fibers (.100
mm), fewer than 20% of the cells infected with K46R nine kinase.
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Figure 7. Coexpression of Wild-Type Unc51.1
Kinase Partially Restores the Dominant Neg-
ative Effect of Unc51.1/K46R in Cultured
Granule Cells
Cells infected with a retrovirus expressing a
myc-tagged full length Unc51.1 extended
long neurites (40-200 mm) (A), whereas cells
infected with K46R virus failed to extend (B).
Inhibition of neurite extension was partially
restored by concomitant expression of wild
type Unc51.1 (C). Infected cells were visual-
ized by an anti-myc antibody staining. Per-
centages of neurons with neurites (. 4±6 mm)
infected with the indicated viruses were
scored (D). Scale bars: 20 mm.
Unc51.1 Is a Functional Counterpart of UNC51 elongation is conserved from C. elegans to mouse. The
fact that rescue of the uncoordinated phenotype of theThe chimeric molecule consisting of the mouse kinase
domain, the mouse spacer region, and the nematode unc51 mutant required the C. elegans C9-terminal do-
main suggests that the C9-terminal domain has a spe-C9-terminal domain could completely rescue the unco-
ordinated phenotype when expressed as a transgene cies-specific function, despite the fact that the nema-
tode and murine C9-terminal domains share a significantin the unc51(e369) mutant worm. This demonstrates that
Unc51.1 is a functional counterpart for the C. elegans degree of homology (48.8%, see Figure 1B). The impor-
tance of the carboxy-terminal tail of UNC51 kinase hasgene and suggests that the role of Unc51 kinase in axon
Figure 8. Unc51.1/K46R Causes the Arrest of Differentiation of Granule Cells
To assess the stage of development of granule cells expressing K46R, cells were infected with a control virus (A, C, and E) or with a virus
expressing Unc51.1/K46R (B, D, and F) and then either exposed to BrdU (A and B) or labeled with markers of early stages of neurite outgrowth,
TAG-1 (C and D) and class III b-tubulin (E and F). After 24 hr in vitro, granule cells infected with the control virus (red) are not labeled with
BrdU (green) (A). Cells expressing Unc51.1/K46R (red) are also unlabeled (B). In (C±F), whereas control cells are double-labeled with the
marker gene (GFP, green) and antibodies against TAG-1 (C) (red) or TUJ1 antibodies against class III b-tubulin (E) (red), yielding a yellow
color, cells that express Unc51.1/K46R (D and F) (green) are not double-labeled indicating a failure to express TAG-1 or class III b-tubulin.
Scale bars: 20 mm in (A), (B), and (F), and 10 mm in (C), (D), and (E).
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Figure 9. Unc51.1 Kinase Is Required for
Parallel Fiber Formation of Granule Cells In
Vivo
Tissue slices of P6 cerebellum were incu-
bated with the pLIA retrovirus or with the
virus expressing the kinase deficient mutant
Unc51.1/K46R. After 36 hr in vitro, parallel
fibers were visualized by confocal micros-
copy. Stacks of 20±30 images were rendered
and processed with Voxel View software. In
(A) a granule cell (arrowhead) infected with
the K46R kinase mutant is seen with a short
truncated axon with enlarged ending (arrow).
In (B), a cell (arrowhead) infected with control
virus extends long parallel fibers (p). In (C),
another cell (arrowhead) infected with control
virus undergoes directed migration along
glial fibers, has a trailing T-shaped parallel
fiber (p), and extends leading process (lp) in
the direction of migration. Quantitation re-
vealed that 78% of cells infected with pLIA
(control virus) displayed either the bipolar or
the T-shape morphology of differentiating
granule cells, compared with 15% of cells
infected with Unc51.1/K46R virus in vivo (D).
Infected cells were visualized by immunocy-
tochemistry with an anti-AP antibody, which
was amplified by Tyramide signal amplifica-
tion (TSA) system (NEN Life Science). Scale
bars: 5 mm.
been suggested from the C. elegans genetics (Ogura et We have examined the role of Unc51.1 at early postnatal
stages of cerebellar development, when parallel fibersal., 1994). Molecular identification of six alleles for the
unc51 mutant loci has revealed that four have mutations are forming. Our studies do not rule out the possibility
that the Unc51.1 kinase functions at later stages in de-that result in truncation of the carboxy-terminal tail to
a varying degree. In addition, the construct that includes velopment, to maintain survival and process formation,
or to promote sprouting of processes during neural plas-the catalytic domain of UNC51 but lacks a part of the
carboxy-terminal tail failed to rescue mutant nema- ticity in the adult nervous system. In addition, the
Unc51.1 kinase may have different functions in othertodes, whereas the full-length wild-type gene was
shown to completely rescue mutant phenotypes. It will classes of CNS neurons. In C. elegans, the gene is ex-
pressed widely in neurons and generates slightly differ-be important to determine the role of the C9-terminal
domain of Unc51.1, for example, in the interaction of the ent phenotypes in different classes of neurons. While
all have truncated axons, the degree of axon elongationkinase with both upstream regulators and downstream
targets of the protein. varies. Thus, it will be important to test the function of
murine Unc51.1 at other stages of development and in
other classes of CNS neurons.Expression of Unc51.1 in Murine CNS Development
Expression studies on Unc51.1 show that the gene is
expressed in both neuronal and nonneuronal tissues. The Unc51.1 Functions in Granule Cell Neurite
Formation In Vitro and In VivoWithin the CNS, the transcripts of the gene are abundant
in the cerebellum, cerebral cortex, olfactory bulb, and The conclusion that the Unc51.1 kinase functions in
granule cell neurite formation is supported by the findinghippocampal formation, suggesting that it may have a
general role in neural development. In the case of the that expression of the K46R mutant form of the gene
resulted in inhibition of both neurite outgrowth andcerebellar granule cell, expression was detected at all
stages of development, suggesting that it may play a marker expression. The construct we used as a potential
dominant negative reagent was the K46R mutant, whichrole at multiple stages of granule neuron development.
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has a point mutation in the ATP binding site of the kinase. single, identified types of neurons with recombinant re-
troviruses containing either the wild-type gene or mutantAs shown in autophosphorylation assay, the K46R mu-
tant did not have kinase activity. Although the physiolog- forms of the gene offers a powerful means to assess
the function of Unc51.1 in detail.ical substrate for this kinase is not known, we hypothe-
size that the K46R mutant blocked activation of
endogenous Unc51.1 by titrating out its available sub- Mode of Action of the Unc51.1
strates or regulatory components in cells. The fact that In our experiments on early postnatal granule cells, ex-
the expression of Unc51.2/K39T also resulted in a similar pression of the kinase-deficient form of the Unc51.1
extent of neurite outgrowth inhibition as Unc51.1/K46R gene was sufficient to inhibit neurite outgrowth. Thus,
suggests that both murine kinases share the same sub- the kinase domain of Unc51.1 is critical to its function
strates and/or regulatory molecules, and that they have in granule cell differentiation. Structure/function studies
overlapping functions or are functionally redundant. also indicated an important role for the carboxy-terminal
As described above, expression of Unc51.1/K46R in tail in Unc51.1 function. Removal of all or a part of the
differentiating granule cells caused drastic morphologi- tail reduced the dominant negative effect of the K46R
cal changes, especially in neurite formation. We have mutation, whereas expression of the truncation mutants
eliminated the possibility that the observed effects were without the K46R mutation did not influence granule cell
attributable to alterations in AP marker gene expression neurite extension in vitro. These data, together with the
or transport down existing neurites by examining actin in vitro kinase assay results, suggest that the carboxy-
distribution in the infected cells (data not shown). We terminal tail of the Unc51.1 plays an essential role for
have also excluded the possibility that the K46R- regulating kinase activity. The tail may either support
infected cells are just simply dying by DAPI staining, the catalytic activity of the kinase, or tether this kinase to
confirming that infected cells have normal nuclear mor- its unknown regulatory molecule(s), or otherwise anchor
phology. The fact that the neurite truncation effect could this kinase to some specific compartments within the
partially be rescued by concomitant expression of the cell, where the kinase could exert its function normally.
wild-type kinase suggests that the phenotype observed These three possibilities are not mutually exclusive, and
is attributable to specific loss of Unc51.1 kinase activity more studies are necessary to examine the biochemical
in neurons. mode of action of this kinase. In this respect, it is particu-
While our in vitro studies demonstrated a role for larly important to identify physiological substrate(s) of
Unc51.1 in process elaboration, the question remained this kinase. Recently, the UNC14 gene, which is respon-
as to whether the gene functions in vivo. The finding sible for the unc14 mutant phenotype in C. elegans, has
that expression of the dominant negative form of the been positionally cloned and reported to encode a novel
gene in granule cell progenitors within the EGL disrupted protein (Ogura et al., 1997). The unc14 mutants display
parallel fiber formation provides strong evidence for a phenotypes similar to yet less severe than those of
role for Unc51.1 in parallel fiber formation in vivo. This unc51 mutants. The UNC14 has also been shown to
stage of development is critical to the development of bind to the carboxy-terminal tail of UNC51, and all the
the cerebellar circuitry, because extending parallel fi- mutations found in UNC14 result in truncation of a por-
bers interact with the emerging dendrites of the imma- tion of UNC14 protein which has been shown to mediate
ture Purkinje cells to form synaptic contacts. The pro- binding to UNC51 (Ogura et al., 1997). It remains unclear
cess of granule cell axon extension is therefore closely whether UNC14 could serve as a substrate for UNC51
coupled with the development of the Purkinje cell. In kinase or whether UNC14 is a positive or negative regu-
both in vitro and in vivo experiments, we consistently lator of UNC51.
observed a small percentage of K46R virus infected
neurons with long neurites. It is possible that these neu- A Role of Unc51.1 during Cerebellar Granule
rons had initiated neurite extension before mutant Cell Development
Unc51.1 protein expression levels accumulated to levels How does this kinase contribute to the normal develop-
that were sufficient to counteract endogenous Unc51.1 ment of the cerebellar granule cells? From the spatio-
activity. Alternatively, these results may reflect posi- temporal expression profile of the molecule, we could
tional effects of the insertion of the retroviral vector into speculate that this molecule may play a role in several
granule cells. steps of neuronal development, including neuronal pre-
Our studies on the expression and function of Unc51.1 cursor proliferation, migration, axon extension, and
in the murine cerebellar cortex are consistent with re- functional maturation in later stages. Molecular studies
sults obtained in genetic studies on C. elegans. In the have shown that the initial steps in granule neuron differ-
nematode, UNC51 is expressed in almost all neurons, at entiation involve the down-regulation of early genes,
all stages of development. Moreover, UNC51 mutations such as Math1 and the up-regulation of later genes in-
result in abnormal axon formation, with some cells failing volved in differentiation, including NeuroD, TAG-1, Astn,
to extend neurites, some extending an incorrect number and class III b-tubulin. Our studies on granule cells indi-
of neurites, and some extending only part of their path- cate that expression of a dominant negative form of the
way. Interestingly, in many cases, the truncation of axon Unc51.1 resulted in severe neurite truncation but did
extension results in the formation of enlarged, stunted not seem to result in prolonged stay in the cell cycle as
nerve terminals. Studies on the expression of the gene evidenced by negative BrdU or MATH1 staining. Rather,
in the cerebellar granule cell suggest that Unc51.1 may granule cell differentiation fails just after down-regula-
function in very early steps in the program of gene ex- tion of MATH1, but prior to up-regulation of TAG-1 and
class III b-tubulin. At present, it is not clear whether thispression leading to axon formation. The ability to infect
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performed using the ClustalX algorithm (Lasergene, DNASTAR).represents a normal stage of development for granule
Northern blot analysis was performed on poly(A)1 RNA (1 mg/lane)cells or whether it is a particular action of the Unc51.1
isolated from several tissues in adult mice (P60) with a randomlykinase in axon formation. Several classes of signaling 32P-labeled 1.2 kb cDNA probe from Unc51.1 (nucleotides 83±1246).
molecules including protein serine/threonine kinase and
Ras-like small GTPases have been shown to influence Transformation of C. elegans
the dynamics of cytoskeletal organization during neurite The mutant strain unc51(e369) was provided by the Caenorhabditis
Genetics Center (St. Paul, MN). Following the method of Mello etformation. Those include a role for Rac in actin polymer-
al. (1991), plasmid DNA carrying a C. elegans UNC51 gene, a wild-ization (Ridley, 1996), for Cdk5 kinase in neurite out-
type Unc51.1 gene or chimeric constructs consisting of domainsgrowth and cell migration (Nikolic et al., 1996), and for
from the murine and nematode genes were injected together with aMARK in microtubular dynamics (Drewes et al., 1997).
marker gene pU51-EGFP1 into the syncytial gonads of unc51(e369)
Thus, a growing number of signaling molecules function adult hermaphrodites at a total concentration of 200 ng/ml. All the
in cytoskeletal modifications that could affect the motil- chimeric constructs were made by PCR, and the junction of domains
were confirmed by sequencing. The endogenous UNC51 promoter,ity of growth cones in the developing cerebellum. It
pU51, was used to drive expression of all constructs, and trans-will be important to identify the upstream regulators of
formants which displayed proper expression of GFP were selectedUnc51.1 and the downstream targets of the gene to
and analyzed.define its function in granule cell axon extension.
Taken together, our studies on Unc51.1 in cerebellar
Reverse transcriptase-polymerase chain reaction
granule neurons and studies on unc51 mutants in C. The quantitative RT-PCR was done essentially as described (Wilson
elegans indicate an important role for this kinase in neu- and Hemmati-Brivanlou, 1995). In brief, total RNAs were isolated from
series of developmental stages of the murine cerebellum (E13, P0, P3,ronal development. In particular, this family of kinases
P7, and P10) and equal amount of RNAs were reverse transcribedappears to function in signaling events required for pro-
by Superscript II (GIBCO BRL), then an equivalent amount (20 ng)cess formation. It will be important to reveal the role of
of cDNA from each stage was amplified by PCR using primers spe-regulators of Unc51.1 to understand the timing of the
cific to Unc51.1; 59-GAGTTCTCTCGCAAGGACCT-39 (nucleotides
action of the gene in CNS development. 83±102) as a sense primer, 59-TTCCTTTCCCAGCAGTGTTTG-39 (nu-
cleotides 229±209) as an antisense primer, or primers specific to
Unc51.2; 59-CAAGTGGCCGAGTATGTGTG-39 (nucleotides 2700±Experimental Procedures
2719) as a sense primer, 59-GCTCTCGCTCCATCAGTGTC-39 (nucle-
otides 2879±2860) as an antisense primer. The cycling parameterIsolation of cDNAs of Unc51.1 and Unc51.2
used was as follows; 948C for 30 s, 568C for 30 s, and 728C for 1A PCR-based cloning strategy was attempted to identify mouse
min for 28 cycles. Equal loading was ensured with mouse b-actinhomologs of UNC51, assuming that the kinase subdomains VIb and
primers; 59-GAGAAGAGCTATGAGCTGCCT-39 (a sense primer), andVIII, which have been known to determine the substrate specificity
59-TTCTGCATCCTGTCAGCAATG-39 (an antisense primer).of protein kinases (Hanks et al., 1988), are likely to be conserved
across the species. The amino acid sequence chosen to design
In Situ HybridizationPCR primers were LKPQNIL (within the kinase subdomain VIb of C.
Hybridization and detection were performed as described (Scharen-elegans UNC51 kinase), and PMYMAPE (within the kinase subdo-
Wiemers and Gerfin-Moser, 1993) on fresh frozen, sagittal sectionsmain VIII of C. elegans UNC51 kinase). The degenerate oligonucleo-
fixed for 30 min in 4% paraformaldehyde and infused with 30%tides used were; 59-TT(G/A) AA(G/A) CC(G/A/T/C) CA(A/G) AA(T/C)
sucrose before cryosectioning at 12 mm. Digoxigenin-labeled ribo-AT(A/T/C) CT-39 as a sense primer, 59-TC (G/A/T/C)GG (G/A/T/C)GC
probes were used at 200±400 ng/ml. Probes were prepared withCAT (G/A)TA CAT (G/A/T/C)GG-39 as an antisense primer. Total RNA
portions of Unc51.1 cDNA (nucleotides 73±549 and 1198±1803). Theextracted from P6 murine cerebellum was reverse-transcribed by
same patterns of staining were obtained with both antisense probes.Superscript II (GIBCO BRL) and the resulting cDNA was used as a
No staining was detected with sense probes after a prolonged incu-template for PCR, using the following cycling parameters: 948C for
bation period.30 s, 378C for 30 s, 2 min ramp to 728C, then 728C for 1 min for the
first two cycles, followed by 948C for 30 s, 548C for 30 s, and 728C
for 1 min for 35 cycles. PCR products were separated on 5% poly- Plasmid Construction
A full-length cDNA for Unc51.1 and its FLAG-epitope tagged versionacrylamide gel electrophoresis and DNA fragments of desired size
were excised, subcloned in a pBluescript II KS1 (Stratagene), and of cDNAs were subcloned in pcDNA3 (Invitrogen). The FLAG-epitope
tag was introduced at the amino terminus of the coding region bysequenced. One clone, 158 bp in size, showed 69% identity at the
nucleotide level to the corresponding region of UNC51. To isolate PCR using a primer, 59-CGGAATTCGCTATGGACTACAAAGACGAT
GACGACAAGGAGCCGGGCCGCGGCGGCGT-39. The K to R pointa full-length cDNA for this clone, 1 3 106 independent clones from
adult mouse brain cDNA library (lgt10, random primed, Clontech), mutation in Unc51.1 was introduced by PCR using the following
primers; 59-GTGGCCGTCCGCTGCATTAAC-39, 59-GTTAATGCAGCand 8 x 105 independent clones from P6 C57BL/6J mouse cerebel-
lum cDNA library (lZAPII, oligo dT primed, a gift from G. Dietz) GGACGGCCAC-39. The K to T point mutation in Unc51.2 was also
introduced by PCR using the following primers; 59-GTGGCTATTwere screened with the above PCR-derived fragment as a probe,
according to the standard procedures. Several overlapping clones ACAAGTATTAATAAAAAG-39, 59-CTTTTTATTAATACTTGTAATAG
CCAC-39. To tag the cDNA with myc epitopes, the full-lengthand a single full-length cDNA clone, termed Unc51.1, were obtained
from each library and sequenced in its entirety in both directions Unc51.1 deleting the first methionine was first subcloned in
pCS21MT vector (a gift from D. Turner), and the insert including sixusing an automated DNA sequencer (ABI 377). The sequence around
the initiation ATG codon was GCTATGG, which is compatible with consecutive myc epitopes were excised by HindIII and Xmn1, blunt-
ended by Klenow fragment, and transferred in a SnaB1 site of thethe Kozak rule (Kozak, 1987). This sequence was preceded by highly
GC-rich nucleotides, which is characteristic to the 59-untranslated retroviral vector pLIA (a gift from L. Lillien), which harbors an IRES-
AP cassette, a devise to visualize infected cells by a simple APregions (59UTR) for most of the mammalian genes. The 39UTR
spanned |1.7 kbp followed by a polyadenylation signal (AATAAA) colorimetric reaction (Lillien, 1995). As an alternative means to visu-
alize infected cells, IRES-EGFP1 cassette (EcoR1±Xho1) was ex-and a poly(A) tail (GenBank accession number AF072370). The
mouse Unc51.2 was identified during an EST database search cised from pIRES-EGFP vector (Clontech) and replaced with IRES-
AP (EcoR1±Sal1) of pLIA to generate a GFP retroviral vector. The(W29537) using the sequence of Unc51.1 kinase domain as a query.
A full-length Unc51.2 cDNA was obtained by screening mouse cDNA wild-type Unc51.1 and the K46R mutant, the wild-type Unc51.2 and
the K39T mutant were subcloned into an EcoR1 site of pLIA or thelibraries as described above (GenBank accession number
AF145922). Sequence alignment and phylogenetic analysis were GFP retroviral vector to generate viral constructs. All other deletion
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mutants of Unc51.1 were designed by PCR to include EcoR1 sites polyclonal anti-MATH1 antibody (1:100, a gift from J. Johnson), anti-
BrdU antibody (monoclonal, IgG2a, 1:1, from Amersham), anti-mycboth at the 59 and 39 ends of the insert, and transferred to an EcoR1
site of pLIA to generate recombinant retroviral constructs. antibody (monoclonal, IgG1, 9E10, 1:100, from Calbiochem/Onco-
gene Research). Specimens were viewed either with an epifluores-
cence illumination (Axiophot 100 microscope, Zeiss) or with a MRC-Immunoprecipitation, Immunoblot, and Kinase Assay
600 confocal microscope (BioRad).The FLAG-tagged versions of a wild type and a series of Unc51.1
For detection and morphological assessment of infected cells inmutant cDNAs subcloned in pcDNA3 vector were transiently trans-
dissociated culture by AP colorimetric reaction, cells were fixed infected in 293T cells by the standard calcium-phosphate transfection
4% paraformaldehyde and incubated at 658C for 90 min to heatprotocol. Forty-eight hour post-transfection, cells were lysed in
inactivate endogenous alkaline phosphatase activity. The cells wereTNE150 buffer (150 mM NaCl, 50 mM Tris±Cl [pH 7.4], 1 mM EDTA)
then incubated in AP buffer (100 mM NaCl, 100 mM Tris±Cl [pH 9.5],containing 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride.
50 mM MgCl2) containing 0.33 mg/ml NBT, 0.17 mg/ml BCIP, andThe detergent soluble fraction was recovered after centrifugation
0.24 mg/ml levamisole at room temperature overnight, and mounted.(100,000 3 g for 1 hr at 48C), incubated with 3 mg of a M2 monoclonal
For detection of infected granule cells on slices, Tyramide signalantibody (Kodak) for 1 hr at 48C, and subsequently with protein
amplification (TSA) system (NEN Life Science) was used with theG-Sepharose beads for additional 1 hr. Immunocomplexes were
anti-AP antibody (1:1000) according to the manufacturer's instruc-used for kinase assay as described (Nikolic et al., 1998). Samples
tions and observed with the confocal microscopy.were loaded on 10% SDS-polyacrylamide gel electrophoresis and
autoradiographed. Half of the immunocomplexes were saved for
Acknowledgmentsimmunoblotting analysis, in which the blot was probed with an M2
antibody (10 mg/ml) to ensure equal protein loading.
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